Abstract: This study used the nearly continuous 17-year observation record from the Multiangle Imaging SpectroRadiometer (MISR) instrument on the National Aeronautics and Space Administration (NASA) Terra Earth Observing System satellite to determine which temporal subsets are long enough to define statistically stable speciated aerosol optical depth (AOD) climatologies (i.e., AOD by particle types) for purposes of climate model evaluation. A random subsampling of seasonally averaged total and speciated AOD retrievals was performed to quantitatively assess the statistical stability in the climatology, represented by the minimum record length required for the standard deviation of the subsampled mean AODs to be less than a certain threshold. Our results indicate that the multi-year mean speciated AOD from MISR is stable on a global scale; however, there is substantial regional variability in the assessed stability. This implies that in some regions, even 17 years may not provide a long enough sample to define regional mean total and speciated AOD climatologies. We further investigated the agreement between the statistical stability of total AOD retrievals from MISR and the Moderate Resolution Imaging Spectroradiometer (MODIS), also on the NASA Terra satellite. The difference in the minimum record lengths between MISR and MODIS climatologies of total AOD is less than three years for most of the globe, with the exception of certain regions. Finally, we compared the seasonal cycles in the MISR total and speciated AODs with those simulated by three global chemistry transport models in the regions of climatologically stable speciated AODs. We found that only one model reproduced the observed seasonal cycles of the total and non-absorbing AODs over East China, but the seasonal cycles in total and dust AODs in all models are similar to those from MISR in Western Africa. This work provides a new method for considering the statistical stability of satellite-derived climatologies and illustrates the value of MISR's speciated AOD data record for evaluating aerosols in global models.
Introduction
Aerosols exert considerable impacts on air quality and the Earth's radiation budget, yet neither their mean state in the current climate nor their response to a changing climate are well represented in global climate models [1] . In recent years, there have been many studies evaluating the aerosol optical depth (AOD) simulated by climate models using satellite observations. Assessing the mean AOD in models may be the most fundamental task for evaluating the direct and indirect radiative effects of aerosols in the models (e.g., Shindell et al. [2] , Park et al. [3] , Pan et al. [4] , Zhu et al. [5] ). Most of these studies considered the multi-year mean AODs derived from satellite observations as their reference datasets. In spite of the fact that satellite-derived AODs have been widely used as a proxy for climatological AOD, it is currently unknown how many years of an AOD dataset are required to generate a statistically stable mean AOD "climatology". Indeed, the use of satellite-derived AOD climatologies for benchmarking climate models has been performed based more on the availability of datasets and temporal overlap with available model runs, rather than any objective standards.
The World Meteorological Organization (WMO) defines "climate" as the system's state averaged over 30 years. Loew [6] demonstrated that the length of precipitation and vegetation data record from satellite observations strongly affects the calculation of temporal trends and the correlation between the variables. Long data records are also important due to the existence of observed decadal-scale modes in the climate system, such as the Pacific Decadal Oscillation [7] . However, reliable AOD datasets over both land and ocean from instruments on the National Aeronautics and Space Administration's (NASA's) Earth Observing System (EOS) satellites became available only in early 2000. Currently, the longest record of AOD from EOS observations spans just over 18 years.
As more AOD data from satellites become available, different studies use different averaging periods to define what they consider to be an appropriate AOD climatology. For example, AODs averaged for five and nine years were defined as the aerosol climatology in Remer et al. [8] and Sreekanth [9] respectively. Pan et al. [4] used satellite-derived AOD averaged for the eight years between 2000 and 2007. The six-year mean AOD between 2000 and 2005 was compared with model simulations in Misra et al. [10] . More recent studies define AOD climatologies as the mean of AOD over a longer period of time than 10 years. In Aklesso et al. [11] , the AOD climatology is an averaged AOD between 2005 and 2015. Kumar et al. [12] investigated the mean and variability of AOD over Kazakhstan between 2003 and 2015. In Boiyo et al. [13] , Hu et al. [14] , AOD climatologies represent temporally averaged AOD for the 14 years between 2002 and 2016. Even so, these inconsistent uses of the concept of an AOD "climatology" based on satellite observations along with the significant interannual variability in AOD reported in many studies (e.g., Lee et al. [15] ) identify a clear and urgent need to objectively quantify the sensitivity of multi-year mean satellite-derived AOD "climatology" to the length of the observation periods.
Recent studies have also shown that biases and uncertainties in model-simulated aerosol fields are still considerable, and there is little agreement in terms of aerosol composition among models. For example, the global mean AOD agreed to within about 20% when satellite observations were compared with ten climate chemistry models by Shindell et al. [2] . However, the models showed a much larger spread in AOD when stratified by different types of aerosols in the same study. Tsigaridis et al. [16] also showed that the amount and properties of organic aerosols can vary substantially among climate models. Because of the large variability in speciated AODs (i.e., AOD separated by particle types) in the climate models that contribute to international projects like the Aerosol Comparisons between Observations and Models (AEROCOM, Myhre et al. [17] ), the upcoming Coupled Model Intercomparison Project Phase 6 (CMIP6, Eyring et al. [18] ) and its endorsed sub-projects such as the Aerosols and Chemistry Model Intercomparison Project (AerChemMIP), it is a high priority to systematically evaluate simulated AODs for different types of aerosols against observational data. This further helps us assess the aerosol type information that is determined by the characteristics of different emission sources (e.g., anthropogenic emissions, wildfires, volcanoes, dust storms, etc.), and the resulting radiative forcing from individual aerosol types.
The main objectives of the present study are to provide guidance to the aerosol modeling and remote sensing communities on constructing and using so-called "climatological" AOD based on satellite observations averaged over multiple years, and to further examine the uncertainties in these multi-year mean AODs for different particle types. In this work, we considered the AOD and aerosol type information from the Multi-angle Imaging SpectroRadiometer (MISR, Diner et al. [19] , Diner et al. [20] ) instrument, which has been operational on the NASA Terra EOS satellite since early 2000. We quantified the uncertainty in total and speciated AOD climatologies by calculating the standard deviation resulting from a random subsampling of 17 annual mean and seasonally averaged AODs. Because the statistical uncertainties increase as the sample sizes decrease, we examined variability of the uncertainty as a function of sampling lengths and determined minimum record lengths required for the observed total and speciated AODs from MISR to meet certain uncertainty levels. We performed the same analysis of the Moderate Resolution Imaging Spectroradiometer (MODIS) data for total AOD from the Terra satellite, which provides a similar basis for comparison. Of course, the approach can be extended to other satellite aerosol and non-aerosol datasets. Finally, in the current study, we also compared the MISR total and speciated AODs with the optical depths for total, sulfate, and dust aerosols in the three Global Aerosol Climatology Project (AEROCOM) Phase II hindcast simulations from the GOCART [21] , HadGEM2 [22] , and SPRINTARS [23] models.
Materials and Methods
MISR's nine cameras observe the Earth in four visible and near infrared (NIR) wavelengths (446.4 nm-blue, 557.5 nm-green, 671.7 nm-red, 866.4 nm-NIR) with a swath of approximately 400 km. The multi-angle viewing approach enables MISR to distinguish mixtures of different particle types over both land and ocean. MISR retrievals of total AOD and AOD for eight different particle types are available beginning in March 2000 [24, 25] . Kahn et al. [24] , Garay et al. [26] compared the total MISR AOD with the ground-based Aerosol Robotic Network (AERONET, Holben et al. [27] ) observations and found that overall about 70-75% of the MISR AOD fall within the greater of 0.05 or 20% of the AERONET AOD. Especially over land and bright surfaces, MISR's AOD retrievals tend to show better performance compared with retrievals from other satellite instruments, so MISR AOD retrievals over land are currently used in the AEROCOM project [28] and Observations for Model Intercomparisons Project (Obs4MIPs) [29, 30] . The eight particle types in the MISR algorithm climatology include four non-absorbing spherical particle optical analogs, two spherical absorbing particle analogs, and two non-spherical-particle size distributions corresponding to fine and coarse mode dust. Over the regions whose total AOD exceeds about 0.15, uncertainties in the MISR AODs by particle types are relatively small [24] , so it is typically desirable to use the AODs by particle types from MISR near major sources of aerosol emissions [15, 31] .
To assemble our statistics, we utilized the seasonally and annually averaged AODs for all aerosols (hereafter referred to as total AOD), non-absorbing aerosols (non-absorbing AOD), absorbing aerosols (absorbing AOD), and non-spherical aerosols (non-spherical AOD) reported at a wavelength of 558 nm over the 17-year period from March 2000 through February 2017. The monthly mean AOD was calculated using the gridded Joint Aerosol Product Version F01_0001(JOINT_AS) [15] . The spatial resolution of the JOINT_AS product is 5 • × 5 • . There are other MISR aerosol products that provide total AOD and non-spherical AOD at a higher spatial resolution than JOINT_AS. However, JOINT_AS is the only MISR product that provides gridded AODs for the eight different particle types assumed in the retrieval algorithm. Figure 1 presents maps of the AODs for total, non-spherical, non-absorbing, and absorbing aerosols averaged over the entire time period. The major emission sources of the three particle types are well characterized. For example, the Sahara Desert is the largest source of non-spherical aerosols in the world (Figure 1b ). Non-absorbing aerosols, such as sulfate and nitrate, are primarily emitted from anthropogenic sources in China and India ( Figure 1c ). Savanna grassland fires emit a large number of absorbing aerosols over Central Africa [32] and biomass burning sources in the Amazon and Indonesia are also apparent, along with anthropogenic sources of absorbing aerosols in China and India (Figure 1d ). The non-spherical, non-absorbing, and absorbing AODs from JOINT_AS have been shown to be comparable to model-simulated AODs for sulfate aerosols, carbonaceous aerosols, and dust, respectively [15] . Before moving to a quantitative analysis of climatological AODs, we assessed the representativeness of the seasonally and annually averaged AODs calculated in each year and identified patterns in 17-year time series. First, we found that the overall number of retrieved AODs used to calculate the monthly mean AOD does not exhibit a strong seasonal cycle when the globe is considered to be whole, but regional differences in sampling reflect seasonal changes in cloud cover ( Figure A1 ). This indicates that the annual mean AOD, which is calculated using 12 monthly mean AODs, may represent each year's AOD and can, therefore, be used to examine the statistical stability of the climatological AOD. Next, we tested the statistical significance in the AOD trend ( Figure A2 ) and the 1-year lag autocorrelation ( Figure A3 ) in the time series of annual AOD at each 5 • × 5 • grid point. Here, the trend corresponds to the slope of the least square line fitting the annual mean AOD time series. The test statistic to check statistical significance of the trend is a t statistic defined as the slope divided by its standard error. In this simple linear regression, we assumed that the degree of freedom is 15 (n − 2) at each grid point. (1-p-values) in % for the test statistic are displayed in Figure A2 as confidence levels for the trends. Statistically significant trends in the total and speciated AODs are found in some regions, including along the East Coast of the United States, over Europe, India, and the Arabian Sea. Significant trends in non-spherical AOD are seen over North Africa and over Japan, most likely due to transported dust. The confidence levels for 1-year lag autocorrelation, calculated using the Ljung-box test [33] , also show some statistically significant locations over these same regions, but typically over much smaller areas. With the exception of the Arabian Sea, the 17-year mean AODs shown in Figure 1 tend to be relatively low in those regions with significant AOD trends. This implies that most of the significant AOD trends are not associated with a large increase in atmospheric aerosol loading on a global scale.
To quantify the uncertainty in the multi-year mean AOD derived from MISR observations as a function of sampling period length, we randomly subsampled the seasonal or annual mean AOD for the 17 For each sample size, the subsampling was repeated 1000 times. Sampling more than 1000 times had almost no influence on the results shown in the following sections. Then, using the 1000 subsampled datasets, we generated 1000 multi-year mean AODs and calculated their mean and standard deviation. A similar random sampling approach has been applied to evaluating hourly precipitation simulated by regional climate models using the observational datasets that do not have any temporal overlap with the simulations [34] . As an example, Figure 2 shows the mean and standard deviation of the total AOD climatology in boreal fall (September-November) across the 1000 samples for each sample size from 1 to 16 years. The AOD time series represents one grid point located in northeastern China (centered at 37.5 • N, 117.5 • E). In this case, the mean AOD based on 1000 subsamples does not exhibit large variability in the region if the sample size is greater than or equal to four years. In contrast, the standard deviations of subsampled mean AODs that quantify the uncertainty of climatological mean AOD are highly sensitive to the length of sample periods. For a sample size of one year, the standard deviation is 0.047, 12.9% of the 17-year mean AOD for the climatology (0.362). To obtain a multi-year AOD with a sample standard deviation less than 0.01, it is necessary to average at least 11 years of AODs at this grid point for the boreal fall season. The 0.01 AOD criterion is about 5% of the global mean AOD of 0.2, which is averaged with weighting by the cosine of latitude (to provide approximately equal area sampling) over land during the 17 years between March 2000 and February 2017. Please note that in this analysis, we treat the 17-year mean AOD as if it were the "true" climatology. To test the validity of this approach, we also used the total AOD from MODIS for the same 17-year period. For this study, the MODIS Collection 6 Level 3 AOD over ocean and land at a horizontal resolution of 1 • × 1 • retrieved using the Dark Target [35] and Deep Blue [36] algorithms respectively, was used. The wider swath of MODIS, 2330 km compared to MISR's 400 km, assures better spatial coverage in the MODIS AOD product compared to that from MISR. To provide a more direct comparison, we further aggregated and averaged the higher resolution MODIS AOD dataset to the coarse 5 • × 5 • grids of the MISR JOINT_AS product. Note, however, that the MODIS AOD product does not contain the particle type information provided by the MISR aerosol retrieval.
Results
Figure 3a displays a map of the minimum MISR record lengths required for the sample standard deviation of the total AOD to be less than 0.01 for the annual mean climatology. Higher numbers indicate that a longer observation period is required to obtain a statistically stable AOD that agrees with the MISR-derived 17-year average. The minimum record length and the statistical stability of the subsampled multi-year mean AOD vary in opposite directions with longer record lengths corresponding to more highly variable annual mean AODs. Overall, the stability of multi-year mean total AOD shows substantial regional variability. Over the global ocean, the minimum required record length is about one year, but for certain locations over land, the minimum required record length can be up to 11 years. The Amazon, the central Congo, and Indonesia, well known major sources of biomass burning aerosols, are all locations that require long record lengths. The region around the Arabian Sea, frequently impacted by dust storms, and the industrial region of eastern China are also locations that require long record lengths to achieve statistical stability. Large interannual variability results in a large standard deviation for these areas, leading to a longer required record length. Because emissions from land account for most of atmospheric aerosols, the AOD climatology is more stable over ocean than over land with exception of ocean regions downwind of major dust sources, such as the eastern Atlantic Ocean between the equator and 30 • N, the Indian Ocean off the Arabian Peninsula, and the downwind of East Asia. The sensitivity of the AOD climatology to a sampling period becomes greater for the speciated AODs as shown in Figure 3 . Please note that the mean and interannual variability of speciated AODs are also smaller compared to total AOD. Therefore, requiring the standard deviation to be less than 0.01 may not be appropriate when assessing the representativeness of climatologies for aerosols separated into different types. The 17-year global mean optical depths over land for non-spherical, non-absorbing, and absorbing aerosols are about 0.077, 0.097, and 0.10, respectively. Given this, we applied AOD uncertainty criteria of 0.004, 0.005, and 0.005 for computing the minimum record lengths displayed in Figure 3b -d. The regional characteristics of minimum record lengths for speciated AOD (Figure 3b-d) tend to highlight the known climatological characteristics of these aerosol types. For example, persistent but highly variable dust plumes transported off western Africa and off the Arabian Peninsula lead to longer minimum record lengths for these regions. The Middle Eastern region affected by variable Shamal winds [37] also requires longer minimum record lengths. Interestingly, locations known primarily for biomass burning, including the equatorial region in Africa and equatorial South America, also appear to require longer minimum record lengths, though this might be due to the lack of the appropriate mixtures of dust and smoke in the MISR aerosol climatological lookup table [38] . The significantly longer minimum record length at high latitudes, most apparent in Figure 3b ,d, is most likely related to the low quality of retrieved AOD over the regions due to cloud contamination [39] .
Taken together, the non-absorbing and absorbing AOD maps shown in Figure 3c -d reflect the variability of biomass burning and anthropogenic industrial aerosols, because the retrievals of these components are complementary to one another. Besides the locations mentioned with respect to the total AOD in Figure 3a , the Atlantic Coast of the United States, and the Pacific downwind from the Hawaiian Islands stand out as requiring locally longer minimum record lengths. Figures A4-A7 in the Appendix show the same spatial patterns of the minimum record lengths as those in Figure 3 , but for the four seasons. Not surprisingly, each seasonal mean AOD requires a longer sampling period to obtain a stable climatology compared to the annual mean AOD. Figure 4 compares the minimum record lengths for total AOD derived from the MODIS retrievals for the high (1 • × 1 • ) and low (5 • × 5 • ) resolution datasets. When the MODIS AODs at 1 • resolution are aggregated to 5 • resolution, substantial information on spatial patterns in the original dataset is lost. Please note that the minimum record length required to achieve stability in the total MODIS AOD climatology at the higher resolution even exceeds 16 years in many parts of the world. This implies that even the full Terra data record of total AOD from MISR or MODIS may not be long enough to define a stable aerosol climatology at this resolution. This result is due to the larger variability of AOD at higher spatial resolution, which is not completely compensated by the more frequent sampling of MODIS than MISR.
The similarity between Figures 3a and 4b shows that the climatology from MODIS AOD remapped on MISR's grids is as stable as MISR AOD climatology despite differences in the retrieval algorithms and the sampling. To explore this further, Figure 4c shows the difference in the minimum record lengths between MISR and MODIS. Much of the map is red, indicating a longer required record length from MODIS than MISR, with the exception of the Amazon and the Congo, which experience significant biomass burning as well as frequent cloud cover. The fact that the record length is typically longer for MODIS than MISR is due to the aggregation of the higher resolution MODIS AOD retrievals to a coarser spatial resolution, which preserves some of the higher spatial variability. This is particularly apparent when considering the plume of aerosols downwind from the Hawaiian Islands that locally shows up as a larger enhancement in the minimum record length in the MODIS data (Figure 4b ) than in the MISR data (Figure 3a) . The Discussion section contains a more in-depth comparison of AOD time series between MISR and MODIS over the three green boxes in Figure 4c . Figure 5 show the global median of the minimum record lengths required to obtain a sample standard deviation less than the predefined threshold (0.01 for total AOD, 0.004 for non-spherical AOD, and 0.005 for non-absorbing and absorbing AODs). Please note that each distribution represents the minimum record lengths quasi-globally (57.5 • S-57.5 • N) only over land to exclude the noisy signals over ocean at high latitudes. The blue boxes represent lower and upper quartiles of the minimum record lengths, so 75% of the data fall within these ranges. For the annual mean AOD, the global median value is about three years for the total MISR AOD and up to about seven years for the MISR absorbing AOD. These results provide confidence in the multi-year global mean AODs that have been used as proxies for the "climatological" AOD in previous studies using satellite data. Moreover, the results suggest that the MISR AOD observations over 17 years and its temporal subsets may provide enough information to examine global mean speciated AODs and, possibly, their radiative forcing with quantitative uncertainties (e.g., Xu et al. [40] ). . Spatial distributions of the minimum record lengths required to obtain stable climatology of (a) total, (b) non-spherical, (c) non-absorbing, and (d) absorbing aerosol optical depths for the four seasons and annual mean within the predefined accuracy levels (±0.01 optical depth for total aerosols, ±0.004 for nonspherical aerosols, and ±0.005 for nonabsorbing and absorbing aerosols). Only the data over land were used.
To demonstrate the utility of considering aerosol climatologies with regard to their temporal subsampling, we evaluated three AEROCOM hindcast simulations focusing on the seasonal cycle of simulated AOD near two major sources of aerosol emissions: East China Figure 6c they represent non-spherical AOD. In East China, the uncertainty in 5-year mean non-absorbing AOD is less than 5% of the 17-year mean non-absorbing AOD in all four seasons. This also holds true for the uncertainty in non-spherical AOD west of the Sahara. The smaller orange error bars than black error bars indicate that even the 5-year mean AODs for non-absorbing and non-spherical aerosols for the two regions are as stable as their total AOD counterparts. In East China, the observed total AOD peaks in spring, whereas the non-absorbing AOD is highest in summer (Figure 6b ). For this region, only the GOCART model accurately reproduces the observed seasonal cycles in the total and non-absorbing AOD fields, although GOCART and the other models all typically exhibit positive AOD biases relative to MISR in East China. To the west of the Sahara Desert, both total and non-spherical AODs peak in summer. In this case, the seasonal cycle is well represented in all three models. However, the total and non-spherical AODs from the models do not show very good quantitative agreement with the MISR observations. Although the three simulations were driven with the same dust emissions, the biases in the total and non-spherical AODs in HadGEM2 and SPRINTARS are negative for all four seasons and the annual mean, whereas those in GOCART are all positive. The quantitative uncertainties derived using our approach for the MISR-observed seasonal cycles of total and speciated AODs are smaller than the models' biases in both regions, thus ensuring a meaningful model evaluation. 
Discussion
The found difference in the stability of AOD climatologies between MISR and MODIS over several regions raises the question: what determines the stability? To answer this question, we compared the time series of annual mean AOD for the 17 years between MISR and MODIS over the three boxed regions in Figure 4c . Table 1 lists the mean and standard deviation of each time series in Figure 7 along with the minimum record length required to obtain a sample standard deviation less than 0.01. In Figure 7a , the time series represent AOD over land only in South America near the equator. On average, MODIS AOD (0.21) is slightly larger than MISR AOD (0.20) here, whereas standard deviation of MODIS AOD time series (i.e., the interannual variability) is lower than MISR. As a result, the climatology of MODIS AOD is more stable than MISR. In the other two regions, West Central Africa and India, both climatology and interannual variability in MODIS are higher than MISR. The larger MODIS AOD compared to MISR over India has been reported in many previous studies (e.g. Misra et al. [10] , Ramachandran and Kedia [41] , David et al. [42] ). We show that AOD climatologies from MISR are also more stable than those from MODIS over these two regions. Figure 7 and Table 1 signify that the minimum record length represents interannual variability in AOD. It is interesting to note that AOD over ocean is greater than that over land in MODIS around India. In contrast, MISR's AOD is greater over land than ocean there. Understanding these differences in terms of their associated retrieval algorithms will require further work which is beyond the scope of this paper. Figure 7 , and the minimum record length (MRL) required to obtain a sample standard deviation less than 0.01. 
Regions

Conclusions
Satellite AOD retrievals are crucial for understanding aerosol distributions and their radiative effects on the Earth's climate system, and for validating these aspects in climate models. Prior to evaluating model simulated AODs against satellite observations, it is important to examine uncertainties in the multi-year mean AODs from satellite observations, which have been widely used for model evaluation.
We have shown that the length of satellite observation records affects the statistical stability of the climatological AOD, especially the AODs for different types of aerosols. Most importantly, our results show that the climatological AOD defined using a subset of MISR data for 17 years may be sufficiently stable on a global scale.
Our analysis demonstrates that continuing operations of MISR are essential to obtain more stable AOD climatologies by particle types. The aerosol type information from continuing MISR observations will further provide useful guidance to improve simulations of total aerosol loading and types in climate models. We stress that when evaluating AODs from models against satellite observations, it is important to check if the length of the observed AOD is longer than the minimum record length with a desired accuracy level.
Even so, there are regions, such as over the Sahara Desert (East China), where the climatological optical depth of dust (anthropogenic non-absorbing) aerosols is high, the uncertainties due to subsampling are small relative to the total AOD climatology. In addition, MISR's aerosol type information becomes relatively accurate and reliable in these regions where the total AOD typically exceeds 0.2 [25] . Although the difference between MISR and the AEROCOM models is larger than the uncertainty of multi-year mean AOD from MISR, one of the three models can reproduce the observed seasonal cycle of AOD in East China. In the west of the Sahara Desert, the three models have seasonal cycles similar to those in MISR.
Our methodology for estimating the minimum record length can be easily extended to other geophysical variables in the climate system. The minimum record length will be an especially useful quantity for researchers intending to use short-record satellite data for the purpose of model evaluation. 
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Multi The twelve maps in Figure A1 show the number of AOD retrievals used to estimate monthly mean AOD in JOINT_AS product in each month. Figures A2 and A3 display the confidence levels for AOD's linear trends and autocorrelation respectively. Figures A4-A7 show spatial patterns of the minimum years same as those in Figure 3 , but for the four seasons. 
